Two Swedish brothers, 2.5 and 4 years of age, were found to ful®l all the clinical and laboratory characteristics of Laron's syndrome. They were shown to have unique missense mutations in the GH receptor gene. Both of their parents were of normal height, but they both separately carried one of the identi®ed gene alterations. A molecular model of the ®rst receptor alteration suggests that a collapse in three-dimensional receptor structure most likely contributed to the GH insensitivity in these patients.
Introduction
Laron's syndrome (LS) is a rare genetic disease causing severe dwar®sm (1) . Patients frequently carry alterations in the growth hormone (GH) receptor gene (2) . The mature GH receptor is a single membrane-spanning protein of 620 amino acids (3) . The most related molecule known is the prolactin receptor (4) . Both of these receptors belong to the cytokine receptor superfamily (5) . A soluble form of the receptor, GH-binding protein (GH-BP), corresponding to the extracellular part of the GH receptor has been identi®ed in plasma (6) . The absence of GH-BP denoting a defect in the extracellular domain of the GH receptor is found in most patients with LS (7±9). Upon ligand binding to the extracellular part, the GH receptor has been shown to dimerise, thereby forming a receptor to ligand 2:1 complex. Ligand-induced receptor signalling has been shown to involve multiple events, e.g. receptor tyrosine phosphorylation, activation of Stat-proteins, Janus and MAP kinases (10) .
LS is characterised by resistance to GH and low serum levels of insulin-like growth factor-I (IGF-I) (11) , an important mediator of GH action produced in multiple GH-responsive cell types (12) . Patients have predominantly been found in the Mediterranean region and in two isolated provinces in South America (13) . More than 25 different missense, nonsense, frameshift and splice mutations in the GH receptor gene have so far been identi®ed in LS patients (14) . During the last decade a successful therapeutic treatment of LS patients has been developed using recombinant IGF-I (15). Here we have analysed the GH receptor nucleotide sequence of the ®rst two cases of LS that have been identi®ed in native Swedes.
Subjects and methods

Case 1
This was the ®rst child of unrelated parents, born after 38 weeks of gestation. The parents were of Swedish origin with average heights (180.2 and 167.5 cm). Birth weight was 3430 g. Birth length was reported to be 48 cm. His growth rate was already subnormal at 3 months, and when ®rst presented for work-up of short stature at age 1.7 years his height was at À4.5 SDS. He was then noted to have a small penis, frontal bossing, low nasal bridge, moderate obesity and normal psychomotor development (Fig. 1) . Results from laboratory studies before treatment are given in Table 1 . During arginine tolerance tests, GH levels increased from a baseline of 54 mg/l to a maximum of 94 mg/l, and spontaneous GH levels in blood during 12 h of sampling every 30 min revealed levels between 4.6 and 102 mg/l (mean 37.1 mg/l). As a further diagnostic test for GH sensitivity, GH (Genotropin; Pharmacia & Upjohn, Stockholm, Sweden) was administered for 10 days at a dose of 0.1 mg/kg body weight (BW) per day, followed by 0.3 mg/kg for 3 months. No signi®cant increase in IGF-I levels in blood was noted during the GH treatment. During that time, there was no measurable growth at all. At the age of 5 years, IGF-I (Igef; Pharmacia & Upjohn) treatment could be started in increasing doses from 40 to 120 mg/kg BW twice daily. This continued for 4 years, resulting in an increase in height from À6 to À3.8 SDS. During an interruption in IGF-I treatment for 4 months at the age of 9.2 years, there was no demonstrable growth. Hypertrophy of the tonsils caused sleep apnoea and dif®culties in swallowing solid food, and tonsillectomy was therefore performed at 8 years of age. Moderate tachycardia (100±120) was noted at many visits. Echocardiography remained normal after 3 years of therapy. His growth chart is shown in Fig. 2 . There were no clinical or laboratory signs of hypoglycaemia.
Case 2
This was the 2-years younger brother of case 1. He was born after 39 weeks of gestation, with a birth weight of 3445 g and length 49 cm. There were no neonatal complications. His height fell from À1 to À3 SDS from birth to 3 months, and further to À4 SDS by 18 months of age. At that time his brother had been diagnosed as BP, binding protein. Figure 2 Growth charts of the two brothers (A and B) with GH insensitivity, illustrating the growth before and during IGF-I therapy. The older brother (A) was treated with GH for a 5-month period, without any measurable growth at all. This was also the case during a 5-month period of interrupted IGF-I therapy.
GH insensitive, and since their phenotypes were almost identical ( Fig. 1) , only a limited work-up was done. GH levels were between 2.1 and 30 mg/l during blood sampling every 30 min for 6 h (mean 12.6 mg/l). A diagnostic test treatment with GH, administered at a dose of 0.1 U/kg per day for 10 days, did not raise IGF-I levels above 10 mg/l. Treatment with Igef was started at 3 years of age, with a gradual increase in the dose from 40 to 120 mg/kg BW twice daily. At the start of treatment with Igef, there was one clinical episode of hypoglycaemia, but not later during the 4 years of treatment. Similar to his brother, he was tonsillectomised after 3 years of treatment. When IGF-I therapy was discontinued for 4 months at 7 years of age, there was no measurable growth.
Isolation of genomic DNA from nucleated blood cells
Heparinised blood samples (5ml) were added to 25 ml lysis buffer (1 mM NH 4 HCO 3 , 114 mM NH 4 Cl) and centrifuged at 4000 g for 10 min at 20 8C. Pellets were resuspended in 1 ml NP-40 buffer (10 mM Tris±HCl, pH 7.5, 3 mM MgCl 2 , 10 mM NaCl, 0.5% NP-40, v/v) incubated for 5 min and centrifuged as above. Pellets were resuspended in 0.75 ml ProtK buffer (0.5% SDS, 120 mM EDTA, 75 mM NaCl, 0.6 mg/ml proteinase K) and incubated at 45 8C for 2 h. After repeated phenol/ chloroform and chloroform extractions DNA was recovered by ethanol precipitation. Pellets were dissolved in Tris±EDTA and nucleic acid content was determined by spectrophotometric analysis.
Preparation and sequencing of exon-speci®c GH receptor DNA templates
Computer-aided design (Oligo 4.05; National Biosciences, Plymouth, MN, USA) of PCR primers directed towards exon-¯anking sequences in the human GH receptor gene allowed ampli®cation of exons 2, 4, 5, 6 and 7. An Expedite nucleic acid synthesis system (Millipore Corporation and Cybergene, Huddinge, Sweden) was used for all primers synthesised. Sequences of primers used for exon 7 were TGGCATTGAGTTGTTGA, TGATTTGGACAACACACTA, TATTGACAAAAGCCAGGTT and TTGACAAAAGCCAGGTTAG. Reactions containing 10 ng genomic DNA (omitted in negative controls), 2.5 mM MgCl 2 , 0.2 mM dNTP, 0.5 mM of each primer and 0.5U Taq polymerase in 25 ml of 1´Taq polymerase buffer (Promega, Madison, WI, USA) were run in a Gene Amp 2400 thermal cycler (Perkin-Elmer, Norwalk, CT, USA). All DNA ampli®ca-tions included 40 cycles with denaturation at 96 8C for 15 s, annealing at 51±54 8C (exon-dependent temperature) for 5 s, and extension at 72 8C for 10 s. Aliquots of terminated reactions analysed on 1% agarose gels rendered single bands of expected size. One microlitre of primary reactions was used in 50 ml nested PCR reactions with one primer biotinylated (conditions as described above except that primer concentrations were reduced to 0.2 mM and Taq polymerase content increased to 1U). In the nested PCR negative controls containing 1ml reaction mix from corresponding negative controls in primary ampli®cation, no visible products were yielded upon agarose gel analysis. Exonspeci®c biotinylated PCR products in 46 ml of secondary nested PCR reactions were trapped on streptavidincoated magnetic beads (Dynabeads, Dynal A/S, Oslo, Norway). Following binding and washing, DNA strands were separated as recommended by the magnetic bead supplier. Flourochrome (Pharmacia Biotech, Uppsala, Sweden)-labelled sequencing primers were annealed either to solid phases or to neutralised soluble phases and sequencing reactions were run at 50 8C using a cycle sequencing kit (Pharmacia Biotech). Separation and detection of sequencing products were carried out on an automated DNA sequencer. Templates carrying missense mutations were sequenced in both directions.
Structure determination
A structural gene encoding the extracellular domain of the human (h) GH receptor was ampli®ed from commercially available adult liver cDNA (Clontech, Palo Alto, CA, USA) using PCR. The sequence ampli®ed encodes the ®rst 237 residues of the hGH-binding protein. Expression and puri®cation of the receptor construct have previously been described in detail by Sundstro Èm et al. (16) . hGH was obtained from Pharmacia & Upjohn AB, Sweden. The 1:2 complex of hGH and hGH-binding protein was puri®ed and crystallised, and the structure determined as previously described (16) . The structure of the 1:2 complex re®ned to 2.5 Ê A resolution served as a template for the structural interpretation of the consequences of the Tyr208 to Cys mutation of the receptor extracellular domain.
Results
Clinically, these two children presented a markedly reduced growth rate with an early onset (Fig. 2) . The parents were of normal stature. A summary of laboratory ®ndings in the two brothers can be found in Table 1 . Serum GH concentrations were high in both patients while serum levels of IGF-I were below the detection limit of the assay. Together with the inability of exogenous GH administration to in¯uence either serum IGF-I or growth, a severe form of GH insensitivity was diagnosed. These data and the ®nding of unmeasurable levels of the soluble form of the GH-BP, suggested a Laron-type short stature.
Southern blotting using two human cDNA probes spanning the entire coding region of the GH receptor showed no differences between patients, their parents and controls when banding patterns were compared (data not shown). Sequencing of genomic DNA (exons 2, 4, 5, 6, 7) revealed that patients were compound heterozygous, carrying two missense mutations in exon 7 of the GH receptor gene (Fig. 3A) . Their mother was heterozygous for the ®rst mutation Tyr208Cys while codon 244 was unaffected. Their father was shown to have an unaffected tyrosine codon in position 208, while he was heterozygous for the second mutation, Asp244Asn. Conservation of both tyrosine 208 and aspartic acid 244 has been demonstrated in eight different species (5), with the exception of a histidine in position 208 of rodents (Fig. 3B ).
An interpretation of the three-dimensional structure of the soluble GH receptor in complex with hGH revealed that the naturally occurring Tyr208 ful®ls a crucial role in the stabilisation of the C-terminal domain of the receptor by a favourable hydrogen bond via the hydroxyl group to the main chain nitrogen of Lys203. In addition, the side chain of Tyr208 is also within hydrophobic interaction distance with side chains of Tyr178, Leu202 and the aliphatic portions of the side chains of Lys206 Glu180, thus stabilising the hydrophobic core of the C-terminal domain. The Tyr208 to Cys substitution will most likely prevent normal interactions in this structural domain due, to the differences in charge and size of the tyrosine and cysteine side chains, thereby disrupting the native structure in the membrane proximal domain of the extracellular part of the receptor. It is therefore expected that a substitution of Tyr208 to Cys would result in a destabilisation of the protein structure, thus abrogating normal receptor±receptor interactions and preventing ef®cient signal transduction. Furthermore, it is possible that the unpaired Cys208 residue could be involved in erroneously linked receptors by forming disulphide bridges with a Cys208 residue of a neighbouring receptor or to Cys241. However, in order to be involved in disulphide linking, the cysteine needs, at least to some extent, to be surface exposed, which is less likely if the Cterminal domain keeps its three-dimensional architecture in the mutated receptor. We have not been able to structurally interpret the consequences for the Asp244 to Asn substitution, due to the absence of structural data in this region of the receptor.
Discussion
There has been no previous record of any Swedish patient who displayed classical physical and biochemical characteristics of LS. In Scandinavia, a Danish patient has previously been reported (17) . The Swedish family on whom we focused in this study has no apparent relation to families in which GH receptor mutations are common. A sensitive method for analysis of genomic DNA sequences allowed us to discriminate between intact and altered GH receptor alleles using lymphocyte material. Our ®nding of two unique separate genetic defects implies that there is a low frequency of dysfunctional GH receptor alleles distributed in the Swedish population. The likelihood of identifying additional severe GH receptor gene defects in Scandinavia is however low, considering the lack of more patients and the fact that it seems to be impossible to clinically distinguish heterozygotes carrying a single defective GH receptor allele from intact homozygotes (7, 18) . Both parents investigated in this study demonstrate that carrying one defective GH receptor allele has little or no effect on body growth. Codon 208, which harbours the ®rst mutation identi®ed in this study, encodes a tyrosine residue that is conserved in six species out of eight. In rodents, a histidine residue replaces the action of tyrosine in this position (Fig. 2B) . As implied by the GH receptor model (Fig. 4) , the side chain of the substituting cysteine in position 208 does not reach the contact points surrounding the`tyrosine pocket'. This will most likely destabilise the receptor structure, thus preventing normal receptor function due to altered conformational and structural properties in the receptor±receptor interface required for normal hormone-induced receptor dimerisation. An additional unpaired cysteine residue will have the potential to form disulphide bridges by interacting with either Cys208 or Cys241 of a neighbouring receptor, provided that the cysteine side chain is at least partly surface exposed due to local distortions of the three-dimensional structure. In rodents, the His208 residue most likely performs a similar function to the one seen in the human receptor by Tyr208, although variations in the local structure and interaction patterns will have to be analysed by inspection and analysis of homology models or experimentally determined structures of the corresponding protein complexes.
It is also to be noted that codon 244 spans the borders of exons 7 and 8 in the hGH receptor gene (2) , and the identi®ed mutation (A to G transition) is located in the last coding base of exon 7. It is a possibility that GH receptor mRNA splicing could be affected by this mutation, which could then generate a defective GH receptor.
Several different genetic alterations in the GH receptor gene have the potential to cause LS (see references 8 and 13 for reviews). The previously identi®ed deletions, splice defects, nonsense and missense mutations all involve the extracellular domain of the receptor, with one exception (19) .
In conclusion, we have shown that both of the mutations described in these Swedish patients with LS have the potential to cause a malfunction of the GH receptor. Obviously the existence of a normal allele prevents the syndrome from appearing. As yet we have not experimentally evaluated the effects of these receptor mutations in terms of, for example, binding or signalling.
